Strain engineering is widely used in material science to tune the (opto-)electronic properties of materials and enhance the performance of devices. Two-dimensional atomic crystals are a versatile playground to study the influence of strain, as they can sustain very large deformations without breaking. Various optical techniques have been employed to probe strain in two-dimensional materials, including micro-Raman and photoluminescence spectroscopy. Here we demonstrate that optical second harmonic generation constitutes an even more powerful technique, as it allows to extract the full strain tensor with a spatial resolution below the optical diffraction limit.
INTRODUCTION
The properties of materials can be strongly influenced by strain. For example, local straining techniques are employed in modern silicon field-effect transistors to reduce the carrier effective mass and increase the carrier mobility [1] . In optoelectronics, strain can be used to transform indirect band gap semiconductors into direct gap materials with strongly enhanced radiative efficiencies, or to tune the emission wavelength of light emitters [2] [3] [4] [5] . While silicon typically breaks at strain levels of ~1.5 %, two-dimensional (2D) atomic crystals [6] can withstand strain of >10 % [7, 8] , making them promising candidates for stretchable and flexible electronics [9] . Their high flexibility further also allows for folding or wrapping them around (lithographically defined) nanostructures to induce spatially inhomogeneous atom displacements. This provides an opportunity to modify their electronic structure such that excitons can be funneled into a small region of a layered semiconductor [10, 11] to form exciton condensates, improve solar cell efficiencies, or realize single photon emitters [12] [13] [14] [15] .
In order to better understand and improve the performance of devices, analytical tools are required that are capable of noninvasive strain imaging at the submicron scale.
Traditionally, X-ray diffraction (XRD) is employed, but submicron spatial resolution can in most cases only be achieved by the use of coherent radiation, e.g. from a synchrotron [16] .
High-resolution transmission electron microscopy (TEM) based techniques [17] rely on precise measurements of atom column positions, but they offer only a small field of view and are invasive, as they require thin specimens. Electron backscatter diffraction (EBSD) techniques [18] can overcome some of those limitations, but require flat surfaces and comparison of the experimental data with simulations to analyze the complex diffraction patterns. Optical techniques, such as micro-Raman [19] [20] [21] and photoluminescence (PL) [10, 22, 23] spectroscopy, offer an interesting alternative. They are noninvasive, allow for large-area imaging with submicron spatial resolution and are simple to set up.
Strain-induced second harmonic generation (SHG) has been investigated for decades [24] and has been employed to generate frequency-doubled light in centrosymmetric materials, such as silicon [25] [26] [27] [28] [29] [30] . The second harmonic response in these works is typically described by a phenomenological modification of the nonlinear susceptibility of the unstrained material [31] [32] [33] [34] [35] . In a more thorough theoretical investigation, Lyubchanskii et al. demonstrated that strain and nonlinear susceptibility are connected via a photoelastic tensor [36, 37] .
Here, we adapt this theory and determine, to our knowledge for the first time, all photoelastic tensor elements of a material from SHG. Once identified, these parameters allow us to spatially map the full strain tensor in a mechanically deformed 2D material with a spatial resolution below the diffraction limit of the excitation light. As a representative example, we present results obtained from MoS2 -a layered transition metal dichalcogenide (TMD) semiconductor [38, 39] . Our technique, however, is not only limited to 2D materials, but is applicable to any thin crystalline film. It establishes a novel optical strain probing technique that provides an unprecedented depth of information. 
RESULTS
Theoretical description. SHG is a nonlinear optical process in which two photons with the same frequency combine into a single photon with double frequency, as schematically depicted in Figure 1a . As only non-centrosymmetric crystals possess a second-order nonlinear susceptibility, SHG in 2H-stacked TMDs requires odd layer thickness [31] [32] [33] [34] [35] . We will now discuss how SHG can be used to measure strain in 2D TMDs, or thin crystals in general. Polarization resolved SHG reflects the lattice symmetry of the probed crystal, where the relation between SHG intensity and crystal lattice is given by the second-order nonlinear susceptibility tensor ;<= (>) . Strain deforms the crystal lattice and therefore also influences ;<= (>) , breaking the symmetry in the SHG polarization pattern, as illustrated in Figure 2 . This effect is described by an Ansatz which considers a linear strain dependence of the nonlinear susceptibility tensor [36, 37] ;<= describes the second-order nonlinear susceptibility of the unstrained crystal and ;<=CD is the (fifth-rank) photoelastic tensor, which translates the strain tensor CD into a nonlinear susceptibility contribution. The strain tensor is symmetric ( CD = DC ) and the SHG process is dispersion free ( ;<= (>) = ;=< (>) ).
Therefore, the photoelastic tensor must feature the same symmetries: ;<=CD = ;=<CD = ;<=DC = ;=<DC . These symmetries reduce the number of free parameters. Moreover, depending on the crystal symmetry class, there are a set of operations under which ;<=CD is invariant. TMD monolayers have a trigonal prismatic D 3h lattice symmetry.
Considering all symmetries of the D 3h class [40] , the 2D photoelastic tensor has 12 nonzero elements, with only two free parameters J and > :
Depending on the coordinate system, the strain tensor CD can have multiple 
Strain imaging.
Having extracted these parameters, we can now employ SHG spectroscopy to locally probe inhomogeneous strain fields in MoS2 monolayer samples. As discussed before, due to the nonlinear nature of SHG, the spatial resolution is higher than that obtained by linear optical strain mapping techniques, such as photoluminescence or Raman spectroscopy. However, recording a high-resolution strain map, where each strain value is determined by a full polarization scan, is extremely time consuming. We thus determine the strain from the SHG intensities at the three AC directions ( = 0°, 60°, 120°)
of the MoS2 crystal only. Using this method, we first record one complete polarization resolved measurement to determine the crystal orientation. Thereafter, for each location we acquire three SHG signals at the angles noted above, from which we determine the local strain. By taking the square root of the measured SHG intensity, being proportional to the second order polarization ∥ (>) ( ) ∝ ±( ∥ (>) ( )) J/> , we obtain a system of equations with three unknowns -, , and , presented in the Methods section. This equation system is analytically solvable and yields:
with @ > u@ , J>@ . and are directly related to the principal strain values KK and LL (see equation (4) . In our measurement, the relative error of the photoelastic tensor components is ~10 %, which is also the uncertainty of the measured strain values. The uncertainty of 1 and 2 mainly stems from our two-point bending technique, which does not fix the strained samples as good as three-or four-point bending methods. It could thus be improved by employing more sophisticated straining techniques. 
DISCUSSION
In summary, we have presented a method that allows to extract the full strain tensor by means of polarization resolved SHG measurements. Using a two-point bending technique, we determined the photoelastic tensor elements for monolayer MoS2. Once identified, these parameters allowed to spatially map the strain field in an inhomogeneously strained sample with 280 nm spatial resolution. Determination of the local strain tensor via three polarized SHG measurement points enables for efficient and fast strain field imaging over large sample areas, providing an unprecedented depth of information. Our method supplements and extends established optical strain measuring methods, such as Raman and photoluminescence spectroscopy. Due to the insensitivity of the SHG response to free carriers in TMD monolayers [42] , our technique is less prone to artefacts that arise from local doping. Moreover, using this technique, it may be possible to image transient crystal deformations on a sub-picosecond timescale. Data availability. The data that support the findings of this study are available from the corresponding author upon request.
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